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from the National Technical Information Service,
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The findings in this report arc not to be construed as an official
Department of the Army position, unless so designated by other
authorized documents. '
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INTRODUCTION

This document reports the results of the third year of an ongoing study
conducted at the Pacific Northwest Laboratory under the sponsorship of the U,
S. Army Ballistic Research Laboratory. The purpose of the study has been to
investigate and characterize the restoring or foundation moment generated by
the nylon obturating or rotating band of a single bore contact projectile
undergoing balloting (wobbling) motion, The inherent transverse stability of
the projectile is directly affected by the magnitude of this moment. As such,
the design of a single bore contact projectile (or for that matter any
projectile with a large obturator or rotating band) will be directly affected
by the results of this project.

The major conclusion reached from the first two years of this project was that
the foundation moment is indeed large. The magnitude of the moment is similar
in magnitude to the upsetting moment that exists at a projectile's maximum
acceleration, if the center of gravity of a projectile is approximately two
thirds of a caliber behind the center of rotation of the projectile, Indeed,
early in the ballistic cycle, before the projectile reaches maximum accel-
eration and base pressure, the foundation moment is most probably the dominant
force on the projectile. This means that a projectile with its center of
gravity located axially at approximately the center of transverse rotation
could be designed to be inherently stable during launch.

Another conclusion reached from the second year's effort was that it is very
possible that the finite element method may not ultimately be the best design
tool for modelling the projectile's response to transverse motion. This is
not to say that it is the wrong tool for this work, just that further develop-
ment of such a tool is required hefore it becomes cost effective., The finite
alement method is, today, the only such tool avaiiable to the sabot designer,
Certainly, the material non-linearities of the nylons commonly used for
obturator bands would have to be taken into account in any such analysis.
Modelling the materiail as linear proved to overestimate the foundation moment
by a significant amount. In most cases this overestimation was mere than
twice the measured moment,

d) » , . . .

C}‘ Several factors influencing this estimation were discussed in the report last

ﬂQ year including material non-linearities, circumferential mesh refinement of

. the finite element models, and boundary condition modelling. In this year's
y&

work, the circumferential element size was more refined, and non-linear
material properties were used in the analysis. These analytical results match
more closely the experimental results obtained from this year and last year,
but are still quite high. This is evidently due to the difficulty in precise-
1y specifying boundary conditions for the finite element models. Whether or
not all of the obturator or rotating band will be in contact with the gun
harrel at ali times is still in question. Certainly, in our low pressure
tests, all of the band is not in contact at all times, In an actual gun
firing, the pressures are considerably higher, and quite probably the entire
obturator band would be in contact with the gun barrel at all times.
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This is the nature of the boundary condition modelling problem, and why it is
difficult to precisely know how to specify a consistent set of boundary
conditions for the finite element analysis,

A large question still remains, as stated above, about the efficacy of the
finite element method for estimation of foundation moment.. The problem size
and required computer time to perform a full three dimensional non-linear
analysis of a complete projectile may be prohibitive. The model projectiles
analyzed and tested in this prugject have been very simple in geometry, and all
of one material. Traditional APFSDS projectiles are considerably more
complex, and would require a much larger model and correspondingly more
expensive analysis to estimate the potential foundation moment. A very
exhaustive study of alternatives to the finite element method for this estima-~
tion should be made before BRL adopts the method for this particular applica-
tion. This is being done to some extent already with oncoing work at BRL.
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FXPERIMENTAL APPARATUS AND TECHNIQUES

Y evner i ental apparatus, shown in Figure 1, is the same as was used last
eer. dhe prodectile launching device shown in Figure | was constructed
wies rhe rpevious yvear and the reader is referred to the report tor last

N cear tar g corplete deseription of the device. The following description is
N co Y ardvade o abatchy

w v vor tank te the rear of the projectile (to the left in Fiaqure 1) s a
Gleeeon inch diemetor schodule 40 steel pipe with a domed pressure cap at
<o erropend and a flange at its right end, This flange is mated with an

o Ldentics’ Tlange welded to the breech end of a section of gun harrel contain-
B troohe test projectile. Foramp-like deflection induction/moment measurement
o vica e placed in the qun barrel after the projectile is forced into the
N bvrvon nnoning,  This ramp-like device resides behind the nylan band on the
N ceror of the projectile, and in front of a faceted end plate on the rear ot
he ero’ectile.
R “he oo prossure receiver tank is bolted orto the rear of the gun harrel, and
v wr pceascure is oapplied to the receiver, This gas pressure (we use a nitroger
e bagtle’ peilds up behind the projectile, causing the static friction of the
ot W Ven band to be avercome, and the projectile accelerates down the qun barrel,
L, vt oaoyits in the faceted plate attached tc the rear of the projectile being
SO St eew the top of the ramp.
-
Y 'he “aceted end plate which is attached to the projectile is machined very
gt: pooosely, with the facets at precisely measured distances from the center of

fnooalate.  The plate thus can bhe placed on the projectile in such a mannar as
Lootapar o bnown deflection to the vear of the projectile as the projectile is
N Couned to ride cver the ramp, There is a rod under the ramp_in the gqun barrel
, Lieh aaes theough an airticht fitting aind actuates a piezoelectric force
A cransducer wounted beneath the gun barrel. This force trarsducer is used to
NN woasure (he force reauired for the projectile to be deflected by the known
y wecunt described above.  The cutput from this force transducer is recorded
qevne a4 Nicolet Digital Oscilloscope. This output, taken with the known
cefloct on gives us the foundation moment for a specific angular disturbance.
Atr Inlet -
to Pressurize Tnager
System
sy Projectlo
(Y e . Gun Baviel
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CEURE 1. Projectile Launching Device
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The abave is again a siwplified discussion of the experimental apparvatus i
technigue used for this year's work, but it deseribes the key feacures i the
syatens and the quantities measured. The main parameter investigoied fov
vear's testing was the geometry of the band itself. The tests trom the
provious year gave us a qood indication of the magnitude of the Foundacicr
woment for a single band geometry, but were not representative ol the Geowet
of o typical APESDS projectile, as described above.

Ficume 2 is a schematic of the four band geometries tested this year. The
band identified as Band A in the figure is a replica of the bands used fnr the
first two years of testing., This band was used to verify the experimental
apparatus and techniques, and was used as @ control in the experiments, The
second two hands, B and C, should be thought of as transitions between the
original hand qeometry and what is typical of the current 120mm APFSDS
obturator band. The fourth band, band [, is very similar to the current l-Ge
obturator, Each of the bands was machined with approximately a 10 mil inte
‘erence between the outer diameter of the band and the inner diameter of the
aur barrel surface. This was done in an attempl to keep as much of the band
in contact with the gun barrcl as possible. The portions of the band which
Tose contact with the gun barrel surface are no longer providing a foundatio:,
and thervefere do not contribute to the foundation moment. The analysis thet
has been performed using the material properties of the nylon bands assumes
“ull contect with the gun barrel at all times. This is most probably the ce--
in ar actual gun firing, but not necessarily the case with our tests.

fis stated above, @ Nicolet Digital Oscilloscope was used to record the cuipu:
trom the Kistler Load Washer mounted below the vamp device. This year, oo
oscilloscope with a floppy disk drive was available for the testing. There-
fora, all of the tests for which data was captured were recorded on the Finpre
disk, and subsequently plotted. An appendix of this report cuntains the
output plots for each of the recorded events, Also this year it was
discovered that the temperature of the assembly had a significant effect upre
the outcome of the tests. If we ran the tests in the atternoon on a hoi i,
the magnitude of the tested foundation moment would be considerably less tiwr
if the tests were run in the morning, when the assembly was cooler, We
cecided that this was most probably due to the expansion of the aun barve:
itself, as the projectiles were stored inside a heated office, and their
temperature did not vary. Once this effect was discovered, the rest ¢ o
Lests were run before 9:00a.m, in an attempt to provide consistency in the
tegt yesults, and to minimize the effect of the band losing contact wiegr v
uun harrel,
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TEST RESULTS

A total of twenty bands were marufactured for this year's testing, five of
each design. The bands were manufactured with a nominal 0.01 inch (.25mm)
interference between the outer diameter of the band and the interior gun bore
diameter, as stated before. Some of the bands had less than this amount of
interference. It was originally our intention to have a somewhat larger
interference this year than the 10 mils used last year. A lack of correct
conmunication between the researchers and the machine shop resulted in incon-
sistent band diameters. This is one of the realities in which any experi-
mental program must live. A table with band diameter measurements before and
after tests is included as an appendix to this report. These measurements are
only approximated, and do not seem to correlate to measured foundation moment.

0f these twenty bands, reliable data were collected for sixteen (16) tests.
Band design A (the band like last year's band) had the least number of
successul tests, with only two reliable data points (one of the unreliable
data points saturated the scope, with a reading of more than 5000 pounds
force). Most of the cther tests provided reliable data, with the exception of
test 2-C (test 2 with the C band), in which the scope triggered before the
firing event. A re-setting of the triggering level solved this problem, and
the rest of the tests provided good data.

Another problem that we had initially was that of loading the projectiles into
the gun barrel. After the first test, in which more than 6CC psi was required
to fire the projectile, we applied some silicone lubricant to the inside of
the qun barrel, and the projectiles loaded much more easily. It also required
significantly less gus pressure to fire the projectiles with the lubricaticr.
With a Jubricated barrel, a third of the aas pressure, or only about 200 psi,
was required to fire the projectiles. The muzzle end of the gun barrel also
required some lubrication, as some of the projectiles stuck in the barrel
during the tests, espacially with the reduced firing pressure. This lubrica-
tion of the gun barrel did not seem to have an effect on the measured moment
however, as the magnitude of the moment from Band A with a lubricated barrel
was very similar to the magnitude of the measurements taken last year in which
there wac no lubrication. It seems that friction plays only a very small role
if any in the foundation moment. This result is consistent with some findiras
from the first year of this project, and the fact that the sliding friction
coefficient of nylon against steel is rearly negligible.

The raw data output from the 20 tests is shown in Table 1. Each of these
tests was run at an input displacement of approximately 0.09 inches (2.3mm).
Note that Table 1 also includes some additional notes about each of the tests,
and which of the projectites stuck in the gun barrel. Table 2 is a reduction
of the data presented ir Table 1 which gives the average force for each of the
bands, and the foundation moment associated with that force. Note that the
test output seems to indicate that bards B and C would provide higher founda-
tion moment than band A. The failures of three of the band A tests tc provide
reliable output provably can account for this discrepancy. Test 3-A is
included in the average below, as 5000 pounds. The actual force which was
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JABLE 2. Test Result Averages
Measured Force Foundation Moment
4430 pounds 22,150 in-1b
4970 pounds 24,850 in-1b
5160 pounds 25,800 in-1b
2410 pounds 12,050 in-1b

exerted on the ramp for test 3-A is unknown, but it was at least 5000 pounds.
This will necessarily bring down the average force for band A. The differ-
ences between bands A, B, and C, are therefore not significant, and are in
fact not statistically significant, because of the low number of successful
tests. It is, however, important to note the differences between the first
three bands and band D. Band D provided only about half of the foundation
moment of the three previous bands. In the analysis work that was done to
mode1 these three bands (to be discussed in the following section of this
report), we obtained a similar difference in the potential fecundation moment .
This is an important result in that it could give credence to the finite
element method as a ranking tool for several different rotating band designs.




ANALYSIS OF THREE OF THE FOUR BAND GEOMETRIES

Finite element computations were made using three of the four band geometries.
Figures 3, 4, and 5 show hidden 1ine views of the three dimensional models
used for the finite element work. In all cases, the finite element program
ANSYS(*) was used for the computations. Figure 3 is the model used to esti-
mate the foundation moment for Band A, Figures 4 and 5 are representative of
Bands C and D, respectively. The model shown in Figure 3 is very similar to
what was used for the three dimensional analysis last year. It is, in fact,
the same general model, with a circumferential mesh refinement, and some
slight changes in the band area. The models represented by Figures 4 and 5
are somewhat ditferent., The data storage requirements of the model
represented by Figure 3 were very large. In an attempt to reduce the sizes of
the required data files, the interior portion of the aluminum was modelled by
y significantly fewer elements. Even with this reduction in the number of

3 elements, the analyses using the meshes shown in Figures 4 and 5 required some
’ 60 megabytes of free disk space on an APOLLO DN420(*) computer. This is a
significant expenditure of disk resource, and one not to be taken lightly,
Allocating that much space to a single problem on the computer posed a signif-
icant burden on other users of the system, and could only be accomplished with
o the cooperation of all users.

Ly 5 T T,

B %

The finite element computations this year differed from the three dimensional
calculations performed last year in two major respects. First, there were
three different geometries analyzed this year rather than the single geometry
S used last year. Secondly, non-linear properties were used for the nylor bands
in this year's analysis. The properties of the band material were assessed as
a portion of this project, but are reported separately, as stated in the

- introduction to this report. Figure 6 is a representative stress-strain curve
" for the nylon material, and is the one used for the analysis performed this
year, Using this material curve made the analysis non-linear, with an atten-
dant increase in the run times and complexity of the analysis.

Table 4 presents the results of the analysis performed this year. There were
) two different input displacements used for each of the three models, 0.1

, inches (2.5 mm) and 0.3 inches (7.6 mm). The tests which were run to deter-

¥ mine foundation moment used an input displacement of 0.09 inches (2.3 mm), and
Wi therefore should be compared to the 0.1 inch analysis results. The results of
X the analysis predict a foundation moment roughly twice that tested. This is

2 the result of our inability to accurately predict the boundary conditions at

. the band to gun bore interface. It is evident that a good portion of the
nylon band loses contact with the gun barrel inner surface during the input of
the angular disturbance in the test. Even with a fairly large interference

S (approximately 10 mils or .25 mm) between the aun bore and the outer diameter
N of the band, there is still significant loss of contact. This is the nature

“ of the experimental apparatus, and

ANSYS 1s a proprietary Engineering Analysis computer program owned,
distributed, and supported by Swanson Analysis, Inc., Houston, PA.

APOLLO Computer, 15 Elizabeth Road, Chelmsford, MA. DN420 model is
a monochrome workstation computer system.
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FIGURE 6. Nylon Stress-Strain Curve

very little can be done to alleviate the problem. The bands can be machined
with a larcer interference, but this poses problems in lcading and firing the
projectiles. The hydraulic ram that is used to load the projectiles is
limited to 9 tons of rum force. We use approximately half of the capacity of
the ram to insert the projectiles which have a 10 mil (.25 mm) interference.
Last year we attempted to load a projectile with a 30 mi) (.75mm) interfer-
ence, and were unsuccessful.

TABLE 3. Finite Element Results

Band Ceometry Force for .1 inch deflection .3 inch deflection

Straight (band A) 13,000 pounds (5900 kg) 27,500 pounds (12500 kg)
V-band (band C} 11,400 pounds (5180 ko) 22,800 pounds (10400 kq)
V-notch (band D) 6,340 pounds {2880 kg) 15,30C pounds (6950 kg)

It is clear that the boundary cenditions of the test and the analysis are
different. We used material properties assessed from the material used to
construct the bands. The finite element results follow the pattern of past
analysis, and show a characteristic drop in magnitude because of the yielding
of the nylon band material. The only major discernible differences between
analysis and test, therefore, are the boundary conditions which shculd be
applied to the models. These differences arise in two forms. First, we do
not know precisely the magnitude of the input angular disturbance. The tacet
used will give nominally a 0.09 inch (2.3 mm) deflection to the rear of the




projectile. This is if the projectile is centered correctly in the gun
barrel, and if the projectile is made correctly (i. e. straight). This
difference should show up in differences between tests. There are some
differences between the results of the tests, but they are consistent enough

Y that this difference should be small. The magnitude repirted is also the
N average of several tests, and therefore should be fairly free of defects in
D the manufacture of the projectile or tands, or of the differences in loading
’:}j of the projectiles. The second form of difference is the fact that some of
8 the band will lose contact with the gun barrel during the test, as stated
R above. To assess the magnitude of this phenomenon, we must look at the

\ geometry of the band to gun barrel interface during the input angular distur-
P bance. Figure 7 is the triangle which is made between the gun barrel and the
'wa projectile band at the barrel to band interface. For an input disturbance at
Ry the rear of the projectile of 0.1 inches (2.5 mm), the length of the shortest
SO0 side cf the triangle in Figure 7 is about 40 mils (1.0 nm). As stated above,
At it is beyond the physical limitations of our ram to load a projectile with

this magnitude of interference.
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ﬁ CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

! The major conclusion which can be drawn from the first three years of this

3 project is that the foundation moment is indeed large. In past years it has
been estimated to be approximately equal in magnitude to the overturning

3 moment generated by having the center of gravity two thirds of a caliber

: behind the center of transverse rotation at maximum launch acceleration,

"y Early in the ballistic cycle, when acceleration loads are relatively small,

! the foundation moment is probably the dominant transverse force on the

3 projectile. The conclusion reached from the test and analysis performed this
year has proved to further substantiate this result, and has extended it to

X the geometries characteristic of current APFSDS projectiles. The foundation

n moment measured using this newer geometry was approximately half that measured

2 using the bands from previous years. However, it is not ciear that the tests

- are entirely characteristic of an actual gun firina. In any case, the test

W results still indicate that the foundation moment is still most probably the
dominant force on a single bore contact projectile early in the ballistic

] cycle.

i

A

! Another conclusion which can be reached from the work dene in the past three

S years is that the reaction of any projectile to force disturbances in the gun
= barrel will indeed be complex and non-linear. The interior ballistic environ-
X ment is extremely violent, and of very short duration. Commen engineering
assumptions are not necessarily valid in such an environment. Performing
finite element structural computations on even our relatively simple test
apparatus and projectile has proven to be complex and not without significent
difficulties.

._A,‘ L EL AL ‘.‘- -

The measurement of the foundation moment has progressed about as far as is
practical in light of the results to date, and the limited funding available
at BRL for this work. What has not been estimated to date is the potential
for the nylon band to damp transverse oscillations of the projectile. To
begin to write equations of motion for the projectile in the gun barrel, we
must know something about demping. The work which has been proposed as a
continuation of the foundation moment project is intended to measure damping
of the projectile in the gun barrel. After the damping has been measured, we
will at least be able to write a set of equations of motion for the projectile
in the test apparatus. This information shculd feed directly into work
currently being funded by BRL to attempt to write the complete set of
equations of motion for a projectile in the interior ballistic environment.
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APPENDIX A

OSCILLOSCOPE TRACES FOR TESTS WITH GOOD DATA
AND BAND MEASUREMENTS REFORE AND AFTER TESTS

The following pages contain plots of the stored oscilloscope traces for each

0of the tests which produced data. A1l of the traces have a characteristic

shape with the prejectile riding up the ramp, and then precipitously falling

off¥ of the ramp. Notle that in every instance the force riding up the ramp is
non-linear with time, and that the curve is bowed outwards. 1f the velation-

chip between angular disturbance and foundation moment were linear, this curve

should be bowed upwards. The effect that we witness in these plots is most -
probably a combination of the yieldina of the nylon band and the geometric 1
non-linearity of the band/qun bore interaction. It should be alse noted that

each test had a different time duration for the projectile ride up the ramp.

The time recorded for the shortest event was approximately 6 milliseconds,

whereas the longest event took nearly 70 milliseconds. This is more than an

order of magnitude ditterence in the ramp contact time. The differences in

contact time correlate only with the pressure required to fire the

prejectiles, and not the ultimate magnitude of the foundation moment itself,

and are therefore not deemed significant.

The oscillescope traces are labelled according to the test number shown in
Table 1 of the main report. That is, Spec 4 is specimen 4 or band number A-4,

The last page of this appendix contains the band measurements both before and
after the tests. The measurenents are approximate, in that they were taken
vith 2 hand-held caliper. The measurements do show one problem with the
cxperiment, however, ir that they are inconsistent, and do not seem to corrve-
late with the measured foundation moment. It would seem that a band with a
greater interference would have a larger foundation moment, but that does nct
seem to be the cose if the measurements are taken at face value. A plausible
explanation of this inconsistency, and the one to which we ascribe, is that
the measurements are not correct, and that a more accurate measuremert tech-
nique shcould be used in any future testing.
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:\SS: TABLE A-1. Band Measurements Before and After Tests
)\\u\ Test Band IT _Front Before Rear Before Front After Rear After
1 2 1 2 1 2 1 2
1 1A 5,115 5.117 6.116 5.117 5.107 5.105 5.108 5.108
2 2-A 5.112 5.113 6.115 5.116 5,107 5.111 5,108 5.109
3 3-A 5,113 5.114 6,118 5.114 6,102 5.105 5.105 5,105
4 4-A 5.115 5,111 5.117 5.118 5,110 5,107 5.114 5.115
5 1B 5.120 5.128 6,125 6.124 5.121 §6.121 §5.119 5.121
3y 6 2B 5,123 5.124 5.120 5.123 5,122 5,124 5.123 5.122
b 7 3-8 5.124 5,125 5.125 5.123 5.114 5,112 5.113 5.112
“1;_ 8  4-B 5,112 5,112 5.112 5,113 5,112 5,114 5,116 5,114
9, 9 5B 5.111 5.115 6.114 5,114 5.113 5.114 5,112 5.112
10 1-C 5.116 5,115 6,110 5.116 5.114 5,114 5,112 5.118
A% 11 2-C 5.114 5.114 5.116 5.118 5.113 5.116 5,113 5.115
n 12 3-C 5,115 5.117 5.113 5.118 5.115 5,115 5.112 5.115
13 4sC 5,115 5.116 5.117 5.116 5.114 5.116 5.114 5.113
3-:,-'}': 14 5-C 5.117 5,114 65,112 5,114 6.112 5.113 5,112 5.113
s 15 1-D 5,110 5.111 5.107 5.113 §.112 5,108 5,110 5.100
i;l 16  2-D 5,110 5.112 5.112 5.113 5.110 5.113 5,110 5.109
% 17 3D 5,117 5.111 5,112 6.111 5.116 5,113 5.112 5.108
,a 18 4-D 5,109 5.112 5.110 5.110 5.111 5,112 5,107 5.111
19 5-0 5,116 6.114 5,113 5.108 5.112 5,112 5.113 5.108
S 20 5-A 5.113  5.112  5.108 5.112 6.113 5.113 5.104 5.109
oo
T 25
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